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ABSTRACT

The purpose of this study was to establish the performance
requirements for an airborne synthetic-array-radar (SAR) display and
investigate the feasibility of meeting these requirements with a reflective
display mechanization. A reflective liquid crystal display was chosen as
the baseline mechanization to be evaluated with respect to its operational
performance, fabrication feasibility and cost effectiveness.

A set of performance requirements were established from psycho-
physical considerations that would provide for the transfer of the maximum
amount of information that can be realistically used in the named application.
They are: size, 10 by 10 inches; resolution, 1024 by 1024 pixels; contrast
ratio, 64 to 1 under 10,000 ft. C. ambient (13 shades of gray); reflectance,
20 percent of lambertian surface.

The baseline liquid cry ,tal display is fabricated by sandwiching a
thin layer of liqiid crystal mate.-ial between a transparent planer conductive
electrode and a large semiconductor wafer. Prior to assembly, an X-Y
addressed matrix array of transistor-contro]led reflective-electrodes is
formed in and on the surface of the semiconductor wafer. An image is
formed on the display by programming the brightness of each picture ele-
ment in an appropriate manner. Picture element brightness is dependent
upon the reflective characteristics of the dynamic scattering liquid crystal
material in contact with the elemental electrode and the ambient illuminition.

A SAR display system mechanization is recommended that is built
around the capabilities of a reflective liquid crystal pictorial display. Such
a system could present high-resolution synthetic-array radar on board an
aircraft in real-time with improved performance and decreased complexity
over systems that utilize CRTs.

S~iii
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1.0 INTRODUCTION

1.1 General

Recent advances in digital synthetic aperture radar signal processing

have increased the quality of sensor video to a point where a simple cathode-

ray tube can no longer adequately perform the information display function

for this class of system. Other military airborne applications, such as:

cockpit vertical situation displays, master monitor displays, high-resolution

radar displays, helmet-mounted displays, and head-up displays have

reemphasized this disparity between the system requirements and the basic

capabilities of the CRT. The primary system disadvantages of the CRT are

its length (in high-resolution configurations), its need for a high-voltage

anode supply, and its poor visibility under direct sunlight. This report pre-

sents the findings of a study on the application of a liquid crystal pictorial

display to synthetic array radar (SAR). A reflective liquiid crystal display

was chosen for this application because in earlier development work by

Hughes it was demonstrated to have great potential for replacing the CRT in

future military applications where good visibility is required under high

ambient illumination. In this regard, the liquid crystal pictorial display

should prove to be an improvement - not merely a replacement.

1.2 Purpose and Scope

The purpose of the study effort described herein has been to identify

a promising reflect've display subsystem approach and to establish the feasi-

bility of the approach for the display of high-quality SAR sensor information

in an airborne environrrent. In addition, a set of device requirements has

been defined and a course for future development is suggested that will aid

the USAF in future planning for SAR display subsystem development.



1.3 Background

Digital synthetic-aperture radar systems, currently under development

by the USAF, have resulted in sensor video imagery of unprecedented resolu-

tion and dynamic range. This combination of attributes has proven to be too

great for conventional cathode-ray tubes (CRTs) to cope with, however, a

relatively recent application of multi-beam cathode-ray tubes to SAR display

offers considerable promise. Nevertheless, for the present, it appears that

the multi-beam technique can achieve the required image quality only at the

expense of considerably greater package length than could ultimately be

tolerated by the airborne application. Other factors, inherent to the forma-

tion of images on CRTs, contribute to further degradation of image quality in

the display of very high-quality radar information. This includes the effects

of deflection spot defocusing, aperture distortion (spot deformation), electron-

gun anomalies, beam array skewness, loss of beam convergence, and beam

interaction. Good image performance can be achieved with the multi-beam

method, however, and Hughes Aircraft Company, as well as others in the

field, are working toward reducing the overall size and the complexity of the

technique.

The development strategy in the Air Force and at Hughes Aircraft

Company has involved the narallel pursuit of alternative techniques for the

display of SAR imagery. Some of the alternatives that have been investi-

gated in the past for this application include rapid film processors, thermo-

plastic schlieren projection systems, and nucleation recording media.

Unfortunately, these are cumbersome for the airborne environment; also,

they do not interface efficiently with the digital signal processing used in

contemporary SAR systems.

For the past two years, Hughes Aircraft Company has sponsored the

development of solid-state displays. The goal of this internal research and

development has been to provide a more attractive alternative to high-quality

cockpit display than is presently provided by cathode-ray tubes. Early in

1971, this work "ed to the first practical configuration for providing a real-

time, shades-of-gray, pictorial display using a reflective liquid crystal (LX)

medium.



The continuing pursuit of this program by Hughes has led to the

construction of several one-by-one inch display cells that provide shades

of gray display and image storage (an effect analogous to phosphor persis-

tence) on a picture elemental basis.. Through the use of ion-implanted,

MOSFET technology, Hughes had demonstrated this technique on a one-inch

square display cell composed of a matrix array of 100 x 100 picture elements

(pixels).

Display cells constructed under that program and performance data

obtained from them have provided the experimental basis for the study

recommendations of this report.

1.4 Accomplishments

The work accomplished under this study is reported on in three major

sections :

Section 2. Requirements Analysis

Section 3. Feasibility Analysis

Section 4. Conclusion and Recommendations

The significant findings will now be summarized.

1.4. 1 Requirements

An investigation of the operational requirements ftr a real-time

high-resolution airborne display subsystem has been conducted from the

standpoint of optimizing the operator tasks of target acquisition and identifi-

cation. Display visibility is a key factor in this process and a set of realistic

requirements that define the degree of display visibility that is needed have

been formulated. They are:

* Display Resolution 1000 x 1000 pixels

* Display Size 10 x 10 inches

0 Brightness/Reflectance 20 percent of lambertian surface

* Video Encoding 4 bits

* Contrast Ratio 64:1

0 Gray Shade Rendit'on 13 shades under 10, 000 ft. C.
ambient

3
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1. 4.2 Feasibility

For a display concept to be feasible, it must:

* Meet the specific requirements of the SAR display application.

* Have other applications over which the development cost can
be spread.

* Be fabricated at a cost competitive to existing displays used for
similar purpozes.

A baseline design, based upon an experimental display being fabri-

cated by Hughes, has been formulated for the SAR application. This base-

line design and experience with the experimental display (see Figure 1) 'aere
used as investigative tools in conducting a series of detailed feasibility

analyses. These encompassed the following areas:

"* Electrical Operation. Includes addiessing, display sweep,
video register operationo, timing, and wafer circuit fabrication.

"* Illumination and Viewing. Includes guidelines co be applied
when designing reflective display installations for aircraft
cockpits.

* Fabrication Costs. Includes production cost estimates and
yield factors extrapolated from similar existing production
programs.

From the foregoing analyses and from measurements which were

taken on the Hughes LX pictorial display, .t was concluded that the LX

reflective display is not only feasible fov application to SAR radars, but
provides a capability for simplifying the SAR-to-display interface and for

reducing the complexity and hence the cost of auxiliary scan conversion

equipment.

1.4. 3 Recommendations

A reflective liquid crystal pictorial display having a total resolution

of 1024 x 1024 picture elements and useful dimensions of 10.2 x 10.2 inches
has been recommended for future development. A unique feature of the dis-

play subsystem is the scan-converter to display interface which is configured

to provide 16 parallel viact- rhannels, thereby reducing the SAR scan-

converter data rates to achieve a significant increase in reliability at lower
memory cost than is presently possible.

4



VG-403

Cd

1-4

-$- 
n

PC t ,;o. ,v A

-7, R

k, gtzw41
U~~OO)

51



r 2.0 REQUIREMENTS

In the application of reflective display techniques to SAR systems,

new opportunities arise to achieve performance objectives heretofore con-

sidered difficult or impossible to meet with other classes of displays. For

this reason, it becomes possible to realistically set forth display require-

ments that more closely respond to pilot or observer needs. In this context,

displays that will be used primarily for target acquisition and identification

must provide an information in-,u. to the operator that will result in his

optimum speed-of-response. Optimization of display visibility is key to

this process and therefore has been the central objective of performance

analyses which follow.

Several interdependent factors enter into the requirements analysis;

they are: range of operator-to-panel viewing distance, display size, resolu-

tion, brightness, and contrast. They are dealt with by first formulating a

set of requirements based upon the maximum capabilities of the human

observer and then adjusting these requirements so as not to exceed the

information capability of the sensor.

Of considerable importance is the fact that either the CRT or the

reflective panel display are sequentially addressed devices that represent a

volatile storage media for the presentation of sensor video and as a conse-

quence must be refreshed to avoid objectionable flicker. Also, the scan

format of the sensor must be converted into the scan format of the display.

The foregoing results in a requirement for scan conversion which, for a

practical system, implies the use of digital techniques. Inherent in these

techniques is the necessity to digitally encode the video signal. Thus, the

gray-scale response of the display subsystem is dependent upon the number

7



of bits used for the digital encoding of the video in addition to the ultimate

contrast of the display subsystem itself. The number of bits required for
this process is determined from human observer requirements, based upon

consideration of the effect of the number of gray shade steps on the quality

and hence the acceptability of transferred information, and upon the effect

of the surround brightness on the number of gray shades that can be

perceived.

2. 1 Resolution and Display Size

2. 1. 1 Human Engineering Considerations

The purpose of a display is the communication of information to the

observer and any new display device is useful only to the extent that it

achieves that end. Known principles of human vision and of the associated

cognitive processes have been applied to the delineation of requirements for

the LX reflective display and its future development. The following para-

graphs briefly review the current knowledge of human vision as it applies

to the operator tasks postulated for the LX display.

One of the primary requirements of any transmission medium is the

frequency response characteristics, which is defined as the modulation

transfer function (MTF). Because of extreme retinal nonlinearity, the use
if the MTF concept has been constrained in its application to vision; howe',er,

a counterpart is found in the modulation sensitivity function (MSF), which is

enunciated for specific conditions of illumination and retinal position. Impli-
cations of the visual MSF for display design are discussed in the following

section entitled "Resolution Density. "
The amount of information transmitted by a display is a function of

its total resolution, intensity encoding, and temporal characteristics (e. g.,

repetition rate). User preference in viewing displays, whAe performing

time-critical search and detection tasks is cited, and a range of visual

angles - and, hence, display sizes is derived from the data. Similarly,

experimental evidence is cited as a basis for estimating the required number

of gray shades.

8



A problem that frequently arises in the use of displays in an aircraft

cockpit is degradation due to extremely high ambient illumination. Because

the liquid crystal medium forms a reflective display, its visibility can be

expected to improve under high brightness with the result that brightness

and dynamic range requirements can now be chosen which more closely

match the input capabilities of the observer. The discussion that follows is

concerned with the bandwidth of the observer/display system. It is important

to note that brightness affects these data, which were taken at nominal values

of 740 fL and at 0. 5 msec duration, in that the image contrast perceived by

the observer will be reduced as a logarithmic function of the image intensity

(Weber's Law).

2.1.2 Resolution Density

An optimum display design is one that provides a minimum resolution

density or a minimum number of resolution picture elements (pixels) per unit

length while conveying the necessary information to the observer. The mini-

mum number of raster resolution elements in a real-time display application

is dictated by the number that permits the required comprehension rate of

the data presented and not the minimum number that permits merely compre-

hension under steady-state conditions. It has been found that, for rapid

comprehension, the pattern or granularity resulting from the discrete nature

of the repetitive elements forming the raster must not be objectionable. To

estimate the point at which the discrete nature becomes objectionable, one

must understand the visual response phase of the human observer. MSF

peaks for the human observer at 5 to 7 cycles per degree (see Figure 2).

Thus any structure such as pixels or scan lines will be highly visible at that

value. The 50 percent point has been chosen as a value for which regular

structure ceases to be visibly objectionable; this corresponds to a spatial

frequency of 18 cycles per degree.

Two viewing distances are typical for cockpit displays: 30 inches,

which corresponds to the nominal task eye position and 20 inches, which

*T. M. Cornsweet, Visual Perception, Academic Press, New York
1971, pp 341 to 343.

9
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6020 INCHES VIEWING6.0 DISTANCE
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018 0.60 1.8 6.0 18 60

FREQUENCY, cycletdegrees

Figure 2. Modulation sensitivity function of human
visual system.

corresponds to a vigilant condition. Resolution of 18 cycles per degree is

equivalent to 36 pixels per degree. Referring to Figure 4, it can be seen

that the most demanding condition for resolution density occurs when the

pilot is in the vigilant viewing position (20 inches) corresponding to 104

pixels per inch. On this basis, 100 pixels per inch has been chosen for the

LX pictorial display. At this resolution density, viewing distances of 21

inches and greater meet the minimum stipulation of 18 cycles per degree.

2. 1. 3 Display Size

Several aspects of the manner in which operators search a display

for relevant information bear on the display size. For example, it has been

common practice to favor large displays wherever possible, under the "the

bigger, the better" assumption. Yet operators can search only about fifteen

degrees visual angle (equivalent to a 7-inch diameter circle at 26 inches

viewing distance) with only eye movement, greater search areas require

head movement and attendant loss of time.

In a study performed at Hughes, a group of operator, was given a

series of typical radar displays ranging in diameter from 6 inches to 12

inches. They were asked to perform optimum speed-of-response search

t 10



36

34_ __ _

S32Z

U

u•a "

~28- -_ _ - _ _

z

0 26
x

24

o9 10 I 12 13

DISPLAY DIAMETER, INCHES

Figure 3. Preferred viewing distances for visual detection
related to CRT diameter.

and detection tasks, and the average viwing distance selected by each

operator was recorded during the task. As shown in Figure 3, operators
in this group varied their distance exactly proportionally to the diameter of

the display, choosing a distance such that the entire display subtended about

20 degrees visual angle. The fact that other studies have shown that oper-

ators tend not to search the outer 20 to 30 percent of planned-position

indicator display substantiates this and indicates the choice of a 20-degree

visual angle to be preferred for search and detection tasks. A line repre-

senting the 20-degree visual boundary has been added to Figure 4 and
indicates that to meet the most demanding requirement for display visibility,

viewing from 30 inches, will require a display size of 10. 4 inches.

2. 1.4 Total Resolution

The total resolution of the display is the product of the resolution

density and display size. The resolution density is selected bastd upon the

criteria that the discrete nature of the display not be objectionable at the
closest viewing distance. The display size is selected based upon the

criteria that che display subtend the preferred viewing angle at the nominal

11
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Figure 4. Optimum display size and resolution density as a

I function of viewing distance.

viewing distance. From t ie previously developed requirements, it h:.s been

shown that the optimun. resolution density is approximately 100 pixels per

inch and that the optimuin display size is approximately ten inches, leading

to the conclusion that the optimum totil resolution of the display is approxi-

mately 1000 pixels. Thi[s resolution is greater than the 700 pixels required

by the 1 8-cycles per degree crite "on, at the nominal viewing distance of

30 inches. Selection of a tower i •.solution, however, will lead to reduced

information flow to the observer, because his ability to discern detail will be

impaired by the pixel structs•e as he moves closer to the display. Thus,

1000 pixels are required for r,.pid data assimilation at all viewing distances.

The 1000-pixel figure is a guideiin• requirement because the psychophysical

data upon which it is based are typic ~aly subject to a ±20 percent variation.

The actual number, therefore, can be t.Ii•red to meet specific system

standards; for example, a d.i'.•ita'I sys .ern would require 1024 or 21 pixels,

while a stajndard high-resoluLioa television system would require 945.
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The total resolution or the number of pixels across the display width

may also be influenced by the capabilities of the signal source or sensor. If

the sensor resolution is matched to the resolution of an optimized display,

the system is man-limited. In matching the sensor resolution to the display

resolution, one must consider not only the number of elements but also the

phase relationship between the display and the sensor elements. If the dis-

play is synchronized to the sensor and if there is a one-to-one relationship

between the elements of the display and the elements of the sensor, a display

results that is i,6omoAphic to the sensed imagery. In this case, displaying

less than the number of transmitted elemen1 .s would result in a loss of infor-

mation. If it is impossible to achieve an isomorphic relationship, the loss

due to the resulting mismatch can be minimized by increasing the number

of display elements. When a discrete element atsplay, such as the liquid

crystal display, is used with an existing sensor having less than 1024 element

total resolution, then the total resolution and the size of tlh.e display should

be scaled down proportionally if it will permit an isomorphic relationship

to be established.

2.2 Erightness and Dynamic Range

The gray shade rendition of a reflective LX display depends upon the

following:

"* Maximum value of contrast ratio

"* Transfer function (reflectivity-to-electrical input)

"* Ambient illumination

These factors must be considered -'hen estimating the number of gray

shades available from a liquid crystal display.

2. 2. 1 Gray-Shade/Contrast Relationship

The number of effective gray shades available on a display is

ordinarily determined by calculation from the maximum value of the con-

trast ratio based on the assumption that a luminance ratio between adjacent

elements of 0.707:1 is a just-barely discernible change. Weber's law,

which is approximately true for the range of brightness contemplated for

the liquid crystal display, states that this ratio remains the same regardless

13



of the absolute brightness of the image. The numh-r of shades of gray equals

the number of 0.707:1 steps plus 1 for the black level.

Liquid crystal display luminance ratios of greater than 100:1 have

been measured in the laboratory using materials that also have stable electro-

optical transfer characteristics. A luminance ratio of 100:1 corresponds to

approximately 14 shades of gray including black. The maximum range of the

human eye is approximately 1000:1, or 20 gray shade steps, but the adapta-

tion of the eye to the peripheral illumination level typically reduces the

observable range to less than the 14 levels because a high adaption level

increases the threshold or the minimum luminance at which an image can be

perceived.

Effect of Surround

Defining the minimum luminance is difficult, since it is related to the

intensity, area, and retinal location of the surround image. Immediate

surrounds will reduce display brightness linearly and inversely as a function

of the surround brightness. It is therefore advisable to minimize the effects

of surrounds by making the immediate display periphery as nonreflective as

possible.

The greater cockpit environment including instrumentation, outside

ambient illumination, and so on, exerts a second-order effect on display

brightness and on effective contrast by increasing the preadaptation level of

the observer. This is a temporal effect and in the analysis that follows, it

is assumed that the operator has been viewing the display long enough for

preadaptation effects to be negligible.

Granularity and Viewer Acceptance - Gray Scale Encoding

A practical reflective display implementation will require digitally

encoded video and it is now pertinent to consider how many encoding bits are

required for an effective display.

The best data available in this rcgard come from a study performed

by Technicolor, Inc., concerning the encoding of image density for motion

picture scenes. Typical scenes (faces, sets, etc.) were reproduced with

2, 3, 4, and 5 bit intensity encoding, yielding 4, 8, 16, and 32 discrete

14



gray shades, respectively. The scenes were shown to a group of observers

who rated them with respect to their ability to recognize faces, the natural-

ness of the rendition, and the general acceptance cf picture quality. The

results are shown in Table 1. The estimated information transfer is

derived empirically from the viewer recognition data. Two-bit encoding was

quite poor in this regard and received a poor quality rating. Three-bit

encoding (8 discrete density values) produced an acceptable picture that

generally succeeded in conveying picture information, albeit somewhat

crudely. Four- and 5-bit encoded renditions received excellent ratings with

4 bits considered adequate for picture reproduction and 5 bits considered

virtually indistinguishable from the original material.

TABLE 1. INFORMATION TRANSFER AND VIEWER
ACCEPTANCE RELATED TO INTENSITY ENCODING

Intensity Number of Estimated User

Bandwidth, bits Gray Shades Information Transfer- Acceptability

2 4 40% Poor

3 8 85% Good

4 16 95% Excellent

5 32 Excellent

Based on ability to recognize forms, faces, etc., in typical motion

picture scenes. Study performed by Technicolor Motion Picture Corpor-

ation, 1954. Personal communication to Dr. J. G. Rogers.

2.2.2 Dynamic Range

The values recommended for video encoding (4- and 5-bit renditions)

were obtained under theatre viewing conditions which are subdued and highly

idealized when compared to the 10, 000 fc ambient typically found in aircraft

cockpits. Under cockpit viewing conditions, any display will be limited to a

dynamic range that is less than can be obtained under idealized circumstances.

As the following discussion will illustrate, the LX reflective display require-

ments can be chosen to provide increased performance over CRT systems

even under adverse illumination.
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In Figure 5, the effect of ambient illumination on the brightness of

CRT's is compared to the LX display for two different values of reflectance.

Although LX reflectance values approaching 50 percent of an ideal

lambertian surface have *been achieved under careful arrangement of lighting

and viewing geometry within the laboratory, it is reasonable to assume a

value of 20 percent will be more realistic under on-axis airborne viewing,

where minor variations in illumination and viewing angles will be encoun-

tered. For off-axis illumination, which could occur due to unfavorable sun

angles, this figure could become as low as five percent which for a 10, 000 fc

ambient, still results in a contrast ratio of 16:1 and a dynamic range of nine

shades of gray. Under favorable on-axis illumination, (20 percent reflec-

tance) contrast ratios of 64:1 can be expected with a dynamic range of 13

shades-of-gray. It is interesting to note that, due to the high level of adapta-

tion (observer 0 reference is at 1, 000 fL) typical CRT's with good faceplate

treatments (10 percent transmission) are limited to six shades-of-gray.

Even if CRT brightness is stretched to an impractically high limit, an

1000 IL LIQUID CRYSTAL LIQUID CRYSTALMlONOCHROMATIC
3000 fL CRT* 3000 1L CRT* CRT WITH MATCHED FAXIS LIGHT, ON AXIS LIGHT,
WITH WITH X FILTER. 5% REFI ECTANCE, 20% REFLECTANCE, 10000 fc
10% FILTER 5% FILTER 25% OF CRT * 32:1 RATIO 64:1 RATIO AMBIENT ASSUMED

10% OF WHITE _ 32

8s •16 16.000

6 - - -

4 -4 4000

2,- 2000 t0 MAX
2-- 2 -2000

a AVERAGE I -"
LEVEL OF 00 L THIRTEEN 1 1000AOAPTAT00N 600 It. MAX

(10% PANEL) SHADES
.2- 370fLMAX GREY 1/2 - 500

X 7 tMX320 IL. MAX NINE RATIO GE

FI L SHADES 64:1 1/4 260
FE 168 fL MAX T FIVE OF

RATIO SHADES - RATIO SHADES RATIO GREY-6 43' OF I 35'1 OF 16:1 1/8 126
! GREY FIVE GREYL___- HADES

-8- 76 fL AIN RATIO OF 10 I MIN - 1/16 62 1/2
10 -REY

-10- 1 /32 131 A/
31 fL MIN 31 FL MIN

18 IL MIN

*NOTE: ASSUMES 70% CRT PHOSPHOR REFLECTANCE

Figure 5. Display gray scale range with adaptation mismatch.
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efficient broadband phosphor producing 10, 000 fc brightness could only

provide nine shades-of-gray under these viewing conditions and the spot

growth under the high beam currents required to produce this range would

restrict its use to low-re'solution imagery.

For this reason, the CRT brightnesses listed in Figure 5 are

* limited to the values shown, in the interest of providing a quality image

consistent with the 18 cycles/deg. required for target acquisition.

2. 3 Recommendations

From the foregoing analysis, a set of realistic performance

objectives has been formulated based upon the capabilities of the operator

as well as the capabilities of the liquid crystal reflective display. Optimum

display visibility for the tasks of target detection and designation will be

achieved if the following requirements are met:

* Display resolution ....... 1000 x 1000 pixels

i Display size ............. 10 x 10 inches

* Brightness/Reflectance... 20 percent

* Video encoding ........... 4 Bits

* Contrast Ratio ........... 64:1

* Gray Shade Response
(%F2 luminance steps) ..... 13 shades under 10,000 fc ambient

17



3.0 FEASIBILITY ANALYSIS

For a display concept to be feasible, it must:

0 Meet the specific requirements of the SAR display application

0 Have other applications over which the development cost can be
spread.

* Be fabricated at a cost competitive to existing displays used for
similar purposes.

The technique used to investigate the feasibility of the proposed reflec tive

liquid crystal display technology consisted of formulating a baseline design

and evaluating specific areas of that design in their ability to meet the above

criteria. These aspects will now be discussed in detail beginning with a

description of the design followed by an afsessment of the feasibility in each

case.

3. 1 Baseline Design - Overall Description

In formulating the baseline design, care wa- taken to use techniques

that would avoid either basic advances in the current art, or the addition of

costly facilities and proc.:ssing equipments.

An early evaluation model of a one-by-one-inch section of the Hughes

liquid crystal pictorial display is shqwn in Figure 6. The image is produced

by a series of square picture elements, each of a different luminance. This

can be seen in some of the coarse depictions of the human eye shown in

Figure 7. The discrete nature of the display is not noticeable in the finer

depictions of Figurc 7, however, because the elements are so closely

spaced that they are not discernible to the naked eye at normal vic\xing

distances. The proposed display will have 100 picture elements (pixels) per
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SFigure 7. Digitized image of an eye.

inch and a feeling for this resolution level can be gained by" studying the

bottom row of photographs in Figure 7 which are respectively from left

to right, 60, 80, 100, and approximately 120 pixels/inch. The process

used to print this report volume causes some degradation in the resolution

of Figure 7. Irrespective of this, the illustration indicates that the discrete

nature of the display is barely noticeable at normal viewing dist:ances.

* Photograph reprinted through the courtesy of Information
International, Inc.
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3. 1. 1 How the Concept has Been Made to Work

The basic electro-optical phenomenon used to control the light is

shown in Figure 8. In a typical cell, a thin layer of liquid crystal material

is sandwiched between two electrodes, one of which is transparent, and one of

which is reflecting. When the electrodes are at the same potential, the

liquid crystal material is clear, and if the cell is positioned correctly, the

observer will see a reflectior of a dark light trap giving him the impression

that the cell is black. When the electrodes are at different potentials, the

material appears smokey and if enough light is incident on the cell, light

will be scattered to give the observer the impression that the cell is white.

The amoLnt of light scattered forward to the observer can be controlled by

the electrode potentials.

REFLECTING ELECTRODE
ON SILICON

SCATTERING

INCIDENT RAY OF CIDENT RAY
ILLUMINATION

OBSERVER OBSERVER

CLECTED RAY OF FORWARD.• SCATTERED

TRANSPARENT REFLECTED LIGHT
ELECTRODE
ON GLASS

CELL IS IN THE "OFF" CONDITION, CELL IS IN THE "ON" CONDITION, REFLECTED
NO LIGHT REACHES THE OBSERVER FORWARD SCATTERING PROVIDES LIGHT TO

THE OBSERVER

Figure 8. Liquid crystal cell operation.

The multitude of individually controllable cells are formed economi-

cally by using large scale integrated (LSI) semiconductor circuit technology

developed by the Hughes Semiconductor Research Laboratory, Newport

Beach, California. This technology forms electrical circuit components by a

series of photographically controlled selective etching processes. The

repetitive pattern on the photographic masks is made by copying a single

master drawing with a step-and-repeat process. With this process, ten-

thousand or more individually controllable liquid crystal cells can be faDricated

simultaneously within one wafer.
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A simplified sketch of a liquid crystal display fabricated in this

manner is shown in Figure 9 (Detail A). The lower layer is a semicon-

ductor wafer in and on which a matrix array of individually controllable

reflective electrodes have been deposited. A top cover layer contains a

transparent electrode common to all the cells. The space in between contains

a layer of liquid crystal material. Each reflective electrode when combined

with its companion transparent electrode and the liquid crystal material form

an individual liquid crystal cell picture element. A detailed sketch in Fig-

ure 9 (Detail B) shows that each of the elemental cells are square with a

portion of the display surface allocated for the row and column electrode

addressing busses.

A large (10 x 10 inch) liquid crystal display cannot be fabricated as a

single LSI device, because of current state-of-the-art limitations on yield,

semiconductor chip size, and the size of the processing equipment currently

utilized by the industry. These limitations have been bypassed at Hughes

through the use of a modular display design shown in Figure 10. To achieve

the desired display size, individual square modules are cut from round semi-

conductor wafer chips and are assembled in building-block fashion to form

an array that functions as a single large display. A single glass plate covers

the entire display area.

In a large display, the time available to address an individual element

is very short compared to the response-time of the liquid crystal material.

A sample-and-hold circuit (see Figure 11, Detail C) is provided for each

element to stretch the microsecond addressing pulses to the millisecond

pulses required by the liquid crystal material.

Practical implementation via existing LSI fabrication techniques

requires that the display be addressed a line at a time; a method for doing

so appears in Figure 12.

With line-at-a-time addressing, all of the picture elements along any

given line are written simultaneously. The sweep shift register controls

which line is to be written while the serial/parallel video converters provide,

in-parallel, analog video signals to each of the picture elements along the

line. The video converters are commanded to altexinate their functions, so

that while one is collecting data the other is outputting data to a line. Also,
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MOUNTING SURFACE

Figure 10. Building block approach to large panel display.

GLASS COVER-

TRANSPARENT
ELECTRODE ON
REAR SURIEACE 

SPACER

TYPICALICOL

SEMICONDUCTOR WAFER- CONTROLLED

MATRIX ARRAY ELECTRODE

SCAP

:°'i \ • TYPICAL COLUMN
.. ELECTI'.(OE BUS

• -• " "T Y P I C A L R O W

ELECTRODE BUS

Figure Ei. Basic module construction illustrating pictureA element details.
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•.VIDEO b SERIAL/PARALLEL
S~VIDEO CONVERTORI1I

MODULES ASSEMBLED INTO COM:" EMENTARY
SWEFP M UL ASEBD TO SWEEP CONVERTORS"POWER SHIFT REGISTER ARRAY TO FORM SHIFT REGISTER A•LTERNATE

'O (ODD LINES) 1024 ROW x 1024 COLUMN (EVEN LINES) READ AND WRITES(OD LIES)DISPLAY FUNCTIONSI l
-, SERIALPARLLELSVIDEO CONVERTOR

SYNC

Figure 12. Electrical operation of Hughes LX pictorial display.

two shift registers are utilized, one for each field, providing a two-to-one

interlaced display frame, which is compatible with a television raster scan

or with scan converted sensors. The line-at-a-time method of scanning has

been chosen for the baseline design because it presents the maximum address-

ing rate that is practical to achieve with the current art in LSI circuitry.

Similai"v. a television scan format was chosen for the LX display because

the time constant required for pixel video storage is commensurate with the

maximum values that can sensibly be achieved with the current art in

MOSFET devices.

This means that to achieve flicker-free display of SAR data on a liquid

crystal display, the radar will need to be scan converted to near-television

rates.

An LX reflective display was constructed by Hughes under a company-

sponsored research program and the features of the baseline design reported,

herein, are taken directly from that effort. Furthermore, the SAR feasibility

studies that have been undertaken and that are reported in this section are the

direct result of practical experience gained in the design, fabrication, and

operation of the Hughes LX Display developed under the company-sponsored

program.
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3.1.2 The Advantages of the Hughes Approach

From the feasibility studies conducted by Hughes with this class of

device, it has been established that the following advantages accrue.

0 True digital deflection.
* Unprecedented i resolution uniformity - each active element is

identical to every other.

* Resolution of 100 elements per inch is readily achieved.

* Unlimited parallel video channels are available for bandwidth
reduction and nevý more efficient display/processor interfaces.

* Good display visibility under typical cockpit ambient illumination.

• Dynamic range (shades of gray) superior to CRT's under high
ambient illumination for daytime operation.

0 Display output wavelength and brightness are solely a function of
the illumination source. For instance, under night operations,
red-illumination, or other desired wavelengths may be chosen.

* Easy cockpit installation - very little panel depth is required.

* The viewing area or format may be made to match any likely
cockpit panel configuration.

3. 2 Electrical Operation and Circuit Fabrication

Electrical operation is concerned with how a dynamic, shades-of-gray

display is formed at the elemental picture element (pixel) level. The opera-

tions of addressing, the formation of an electric field sufficient to form

scattering centers within the LX medium, and the retention of the scattering

centers (an effect analogous to phosphor persistence) until Qhey can be,

refreshed are essential items in this process; they are discussed in the

following.

3.2.1 Addressing

In conventional television systems, one video channel carries all the

.pictorial information in a serial analog data format. The camera (sensor)

scans the scene from the upper left hand corner along the top horizontal line

from left to right. One scan from top to bottom of the picture area is defined

as one field. A second field is then drawn beginning at the upper left-hand

corner; but, this time lines are interlaced between the previously drawn lines

Together these two fields form an interlaced frame of the entire pictorial

information.
27



... ... - ," -•i4A
In the LX display, the pixels are accessed by matrix methods, thus

for television display a serial line of television ainalog video data must be

converted to parallel data for simultaneous presentation to a line of liquid

crystal picture elements. This demultiplexing function is performed in the

LX display by a dual serial/parallel analog converter. The line-at-a-time

scan proceeds sequentially from the top to the bottom in two alternating fields.

In the odd field, the odd-numbered lines are written. Together, the odd and

and even-numbered lines constitute a full frame of pictorial information.

The sweep function is performed by two shift registers: one for each f'eld.

They are enabled a line-at-a-i.me, with one register assigned to the odd

lines and the other register assigned to the even lines.

Element Addressing Circuits

The schematic diagram in Figure 13 shows that each pixel is composed

of three parts: (1) "typical elemental liquid crystal cell," which is charac-

terized by a small capacitance and a high leakage resistance, (2) a field-effect

transistor (FET), and (3) a monolithic capacitor. Together, these parts

I - ,T -

I. TYPICAL ELEMENTAL
- .- - FIELD EFFECT TRANSISTOR

I " TYPICAL ELEMENTALI , •LIQUID CRYSTAL CELL
TYPICAL ELEMENTAL

VIDEO STORAGE CAPACITOR

ROW ENABLE SIGNAL

VERT!CAL
SWEEP
MULTIPLEXER

ODD/EVEN ROW SELECTION

REQUIRED TO ACHIEVE 2 1
FIELD/FRAME INTERLACE I

DASHED LINE ENCLOSES L -----------------------------------------------------------------------
ADDRESSING CIRCUITRY MULTIPLE VIDEO CHANNELS

VIDEO SIGNAL SERIAL PARALLEL VIDEO CONVERTER

Figure 13. Schematic diagram of line-at-a-time addressing circuit.
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constitute an elemental sample and hold circuit to stretch the 30-microsecond

addressing pulses to the millisecond lengths needed to energize the liquid

"crystal material.

Each FET is connected so that when the gate is driven by an enabling

signal, the FET is turned on and the elemental capacitor is connected to its

corresponding column electrode bus. Conversely, when the gate drive is

removed the capacitors are effectively disconnected from the column bus

lines by the high FET off resistance. The FETs along each display line are

connected in parallel gate electrode bus so that an enable signal from the

sweep multiplexer will cause all the pixel storage capacitors along *he

selected line to become charged to the video level that is present on each

of the column electrode busses.

Video information from the serial/parallel converter is provided in

parallel, to each column of the matrix, and is updated in synchronism with

the sweep multiplexer. Thus, each pixel element along a line is provided

with new and unique video information during the time normally allotted to

one television horizontal line period (sweep plus blanking interval).

Element Addressing Circuits - Feasibility Analysis

A computer simulation of the operation of a liquid crystal cell in a

matrix array was performed (see Appendix B) as a means of estimating cir-

cuit parzameter values so that the feasibility of achieving them with the pro-

posed LSI techniqucs could be evaluated. The computer simulation

investigated the effect of: (1) the OFF/ON resistance ratio of the field-

effect transistor (FFT) switch, and (2) the size of the element storage

capacitor, on display contrast. The range of initial conditions explored

included OFF/ON resistance ratios between 2500 and 25, 000 and RC time

constants between one eighth and eight times the addressing (ON) interval

for a 1000-line, line-at-a-time addressed display.

A set of characteristic curves has been generated as a result of this

simulation effort. They show: (1) the OFF/ON resistance ratio of the FET

must be at least one order of magnitude greater than the number of lines

A in a line-at-a-time addressed display if eight shades of gray 'plus black) are

to be presented, and (2) the optimum size of the elemental storage capacitor
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is the size that makes the time constant of the charging circuit (formed by

the ON resistance of the FET switch and the elemental capacitor) approxi-

mately equal to twice the addressing ON timne. The conclusion drawn is that

the proposed concept is feasible because: (1) FETs with the required OFF/

ON resistance ratio have been routinely fabricated with silicon LSI technology

and (2) optimally sized capacitors can be fabricated within the allocated

space.

3.2.2 Sweep Circuits

The line enable signal, which commands each of the lines in sequence

is analogous to the vertical sweep function required for television raster

scan. The function labelled vertical sweep multiplexer in Figure 13 is

implemented with a serial-input/parallel-output s!- ift register which has an

associated driver circuit for each line of the display. One bit in the shift

register coiresponds to the address of one line (gate bus), and a single ONE

in a field of ZEROS is shifted through the register to cause the lines to be

sequenced (swept) in the vertical dimension.

Sweep Circuits - Feasibility Analysis

The feasibility of the bas':tline design sweep circuits approach is

concerned principally with the practicality of providing the necessary gate

drive voltage for the display lines and the switching rates that will be required

by a 1024 x 1024 pixel SAR display. When a 1024-line display is being

refreshed 30 times per second, the basic clock rate of the shift register is

1024 x 30, or approximately 30 kHz. This rate is more than two orders of

magnitude below the state of the art for LSI-fabricated shift registers of the

type illustra.ted in Figure 14.

The feasibility of providing sufficient gate drive amplitude, i. e.

enough to just exceed the peak-to-peak amplitude of the maximnum video signal

is now discussed. For the current configuration of thpe Hughes experimental

LX display, the dynamic scattering mode of the liquid crystal material is

utilized. The video signal, under this mode of operation, must be approxi-

mately 20 volts to excite the liquid crystal to its maximum scattering

condition (maximum brightness). The threshold voltage of the FET's within
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Figure 14. Dual, 64 bit, shift register.

the liquid crystal wafer is approximately 4 volts, resulting in a gate voltage

drive requirement of 24 volts. Because the output level of the shift register

is 3 to 4 volts, a buffer amplifier is required to provide load isolation and

voltage gain. The amplifier must have a 24-volt output voltage swing with a

sufficiently high gain-bandwidth product and power drive capability to pre-

serve the line drive pulse shape when loaded with a typical line electrode

capacitance of 300 pf. Good pulse shape is necessary to prevent inadvertent

enabling of one display line before the adjacent line has been turned off, as

the latter could result in image smear. A 33-microsecond line period is

required for a 1024-line scan, interlaced 2 to 1, and presented at 30 Hz.

Experiments with the Hughes LX display have shown that 27 microseconds

are typically required to charge the pixel storage capacitors to new video

4 amplitude values, leaving a balance of 6 microseconds in which to turn on

and to turn off the line enabling pulse, if overlap between adjacent lines is

to be totally avoided. Actually, some overlap can occur without affecting

the image, because of the dynamic resistance characteristics of the FETs
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associated with each pixel. Six microseconds is a conservative number

for the baseline design, however, and further empirical measurements are

necessary before this value can be relaxed or the active line can be increased.

A line-sweep driver amplifier capable of providing quality operation

is shown in Figure 15. The amplifier is constructed using integrated

circuit techniques and is capable of providing a 30-volt pulse into a 300 pf

load with a slewing rate of 10 volts per microsecond. This design should

provide a satisfactory switching time since the total desired is approximately

6 microseconds, i.e., 3 microseconds for turn-on and 3 microseconds for

turn -of:

- __ _ _ Vo
Do

0OUTPUT TO
GATE -ELECTRODE -BUS

INPUT FROM
SHIFT REGISTER__

Figure 15. Schematic diagram of sweep driver amplifier.

3. 2. 3 Video Circuits

Video is applied to the column electrode busses in-parallel, via a

serial/parallel video converter and its associated driver circuits. This

general arrangement is the one that appears in the baseline design and is the

one which has been implemented in the Hughes LX experimental display. For

ultimate use with a scan-converted SAR processor video output, it is desirable

to provide multiple parallel video inputs to reduce the scan converter com-

plexity, and therebi. improve the overall SAR system performance.

How a single serial/parallel conversion is implemented and a discus-

sion of its feasibility as well as the feasibility of converting mul~tiple video

inputs for use with scan-converted SAR processors is contained in the
f ollowing.
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Serial/Parallel Analog Conversion

The term serial/parallel analog converter describes a circuit that

performs a function analogous to that of a conventional serial/parallel

digital converter with the exception that the amplitude (analog value) of the

signal is preserved. A serial/parallel converter takes sequentially presented

data and stores it in a series of data bins that can be interrogated in parallel.

The simplest serial/parallel analog converter consists of a set of sample-

and-hold circuits with one sample-and-hold circuit for each of the parallel

output channels and a shift-register to cause the sampling function to be

enabled sequentially, thereby providing a sample and hold function for each

pixel along a line.

Dual Serial/Parallel Analog Conversion

Accessing of the accumulated data requires that there be a pause in

the accumulation (sampling) process while the video is being applied to the

line of pixels. These pauses would result in a loss of video data, for there

is no provision in a real-time display for pauses to occur, unless they can

be accommodated during the inactive line-blanking-interval. This interval is

impractically short, 6 microsec. nds for the baseline design, requiring a

data rate of 171 MHz to permit 1024 sample and hold circuits to be serially

updated.

A better scheme is to use two converters (see FLgure 16) in an

alternating read-write sequence. In this manner one converter is sampling

video during the entire time the other converter is outputting data to the line.

Thus 32 microseconds are available for the serial conversion of 1024 bits

and a data rate of 32 MHz ensues, which is still beyond the current art of

LSI circuits. This is the scheme that has been implemented on the Hughes

experimental LX display; however, it is workable because in that display the

*The total frame time available (33. 3 msecs) would normally result
in a line interval of 33. 3/1024, or 32.6 microseconds, but 0.6 micro-
seconds are required for resetting registers.
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number of pixels is 100, presented in 2:1 interlace on a square format, from

a 4:3 aspect television raster resulting in the foll-wing:

Active Line Time = 3/4 x 50 = 37. 5 microseconds

Therefore, the shift register data rate for the read or load operation of
6100 nixels is 1/0.375 x 10 , or 2.7 MHz. This is well within the state of the

art for the MSI circuits that are prt2ently used for that function.

Video Circuits - Feasibility Analysis

The requirements for the proposed SAR display call for a 1024 x 1024

pixel image that is refreshed at a 30-Hz rate, resulting in a 32-MHz data

rate that is beyond the present art for LSI semiconductor analog circuits.

A sensible way of reducing this rate is through the use of 16 parallel video

input channels each having a bandwidth of 2 MHz and each having a dual

serial/parallel analog converter. In this manner, LSI semiconductor circuits

can be used for the output circuits in the SAR digital scan converter and for

the serial/parallel analog converters in the display input channels. It is

anticipated that, using LSI techniques, 16 video channels, each with a

2-MHz data rate, can be implemented more economically than a single

channel which would require an advanced development program to obtain a

converter that would operate at 32 MHz. A single channel converter would

entail considerable development risk and would probably require the use of

discrete components. On the otber hand, each of the 16 video channels

requires a dual serial/parallel video converter of the type previously

described, and is well within the capabilities of LSI techniques.

SAR Implementation. A block diagram of a 16 channel serial/parallel

video converter is shown in Figure 17. The purpose of this converter is

to interface between the 16 output lines of the SAR digital scan converter and

the 1024 inrut lines of the display. Each of the 16 video channels, therefore,

provides viaeo data for 64 columns of the display. The scan converter is

organized to maintain circuit simplicity. Video voltages are separated by

64-bit positions along a line during a single time interval. Thus, in 64 time

intervals, one complete line is produced from the scan converter. For
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and so on. ]Each of these voltages is stored on individual monolithic capaci-
tors, and, at the 64th interval, the 2:1 demultiplexer switches each capacitor

to its respective column bus on the display" module. By using the demulti-
plexer, adjacent lines can be stored on each bank of capacitors, with one

line being stored while the preceding line is transferring data (t rarge) to the

dispnay module. This portion of the video converter is a 2048-channel analog

memory with a retention time equivalent to two line scan periods (approxi-

mately 65 microseconds).
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Ability of Circuits to Meet Required Performance. A more detailed

diagram showing one video channel of the video converter appears in Fig-

ure 18. The video input is amplified to provide the required voltage gain

to drive the liquid crystal display. The full-scale video range on the ampli-

fier output is approximately 25 volts. Because the input video is transmitted

j on 16 parallel channels, the slew rate for these amplifiers is

64 elements Z2v peak 50 volts
32 microsec x element rnicrosec

SHIFT REGISTER OUTPUT

•lINPUT

PET SAMnLING SWITCHES AMPLIFIER(1 18 MULTIPLEXER,
ARROWS INDICATE PATH
OF VIDEO SIGNAL

STORAGE CAPACITOR

LATCH CONTROL 0_i

0 VDo

DRIVER
AMPLIFIER

OUTPUT
i10 DRAIN LINE BUS)

Figure 18. Schematic diagram of video driver
amplifier.
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In a general-purpose amplifier, this could be a moderately stringent

requirement; however, in this instance, the amplifier load is integrated on

the LSI wafer in proximity to the amplifier and consists essentially of a load

capacitance oC. approximately 4 picofarads on the load side of the 1:128 multi-

plexer. The amplifier design thus does not involve any significant problem.

The FET devices in the 1:128 multiplexer must commutate in

0. 5 microsecond and must provide a resistance low enough to charge the

4.-picofarad capacitance within that time. If a time constant of 0. 1 micro-

second is chosen (such that the capacitance should charge 99 percent of its

final value), the FET resistance in the conducting state can be as high as

25K ohms, which is a very practical value for this kind of device. The

series FET's commutate at the television line rate: 32 microseconds ON and

32 microseconds OFF which is an easy requirement.

The line driver amplifier serves to buffer the amplifier and thereby

prohibits the 4-picofarad storage capacitor from being discharged signifi-

cantly by the capacitance of the column buses. The driver amplifier is a

simple source-follower circuit, and can be designed to maintain the slew

rate of 10 volts per microsecond required to provide the 3-microsec charging

time for the column buses.

Timing Circuits

Timing ci"cuits are required to coordinate the sampling, the transfer

of data, and the enabling of row buses on the display. Control of the data to

the proper storage capacitor location and transfer of the data to the display

is accomplished with two 64-bit, parallel-output, shift registers and a

synchronized flip-flop for the output line select function. The clock rate on

the shift registers is only 2 MHz, due to the bandwidth reduction allowed by

the 16-channel parallel input. In operation, a single control bit is loaded into

one shift register at the begining of a line (triggered by a sync signal from

the scan converter) and shifted down the register at the 2-MHz rate. Each

of the 64 shift register outputs is amplified to approximately a 30-volt pulse

and applied to a FET gate to control the sample switching on the correspond-

ing video channel. As the control bit is clocked through to the end of the

shift register, the data from each of the video channels is accumulated in a
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form equivalent to a single line on the display. At the end of the data block

for each line, a 'line-seiect" flip-flop switches, commanding 1024 FET

gates to connect thr. storage capacitors (in the sample-and-hold circuits having

just been addressed) to the buffer amplifiers. The complementary set of

1024 FET's used for the alternate lines are all commanded to disconnect the

video voltages corresponding to the elcments in the prior line from the

buffer amplifier, and a signal is sent to step the sweep shift register by one

display line. A single control bit is then loaded into the second 64-bit shift

register and clocked along to sample and to hold the succeeding line of video.

Th~s process continues, alternating, as the row addressing circuits scan

down each of the odd lines of the display until a field on the display module is

formed. Then, as in conventional television interlace scanning, the row

addressing circuits return to the top of the display and scan down to display

each of the even lines of the frame for the interlaced field. This cycle, which

produces one frame of data display, is repeated for consecutive frames.

3. 2. 4 Wafer Fabrication - Feasibility Analysis

An essential part of the baseline design and one without which it could

not function, is the fabrication of the electrical circuits and the electrode

array on the same semiconductor substrate using compatible LSI techniques.

To establish the feasibility of the proposed baseline design, the following areas

of the proposed fabrication technique were examined: (1) the state-of-the-

art of silicon MOS FET construction and (2) the status of the Hughes experi-

mental LX display developed under the company-sponsored IR&D program.

State -of-the -Art

Silicon MOS FET device art is well established. A wide variety of

MOS FET LSI circuits are currently being manufactured in production

quantities by Hughes and others, which have demonstrated characteristics

equal to those required by the SAR LX display subsystem. Furthermore,

industry predictions indicate that MOS LSI Technology will predominate in

future semiconductor industry markets. The latter is important, in that

tooling and processing techniques, developed in support of MOS FET LSI

device production will be available to the LX display program which could

not be practically or economically developed for that program alone.
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Device Complexity. An estimate of the feasibility of the proposed

design can be had by comparing the number of active devices that need to be

fabricated on a single chip for the SAR LX display to the number of active

devices that are currently being fabricated on a single chip as part of

ex.sting LSI designs. The baseline display design initially calls for a module

containing 128 by 128 pixels, representing approximately 16, 000 total active

devices. Examples of relevant existing LSI designs are: (1) a 1024 bit

shift register containing approximately 7000 active devices, under routine

production at the Hughes MOS facility, Newport Beach, Ca. ; (2) A 4096 bit

random-access-memory containing approximately 12, 000 active dievices

that is commercially available from American Micro Systems, Inc, ; and

(3) any of the sophisticated electronic desk calculator computational units

containing 10, 000 or more active devices which are in volume production in

the USA and in Japan. Thus, it is not unreasonable to anticipate that display

chips containing approximately 16, 000 devices can be fabricated using MOS

FET technology with process yields that will permit the limited production

of engineering model di--plays to be practically achieved,

Device Size and Density. An additional estimate of the feasibility of

the proposed design can be had by comparing the size and density of the

chips for the proposed display with those currently being fabricated. The

proposed design initially calls for chip dimensions that are: 1.28 x 1.28 inches

(1.6 sq. in.), with 10, 000 devices per square inch, Th~s is an easy require-

ment compared to current LSI production designs which although on very

small chips, achieve far higher densitit . For instance, the desk calculators

utilize the largest chips currently under production, 0. 2 x 0. 3 inches maxi-

mum (0. 06 sq. in.), with device densities of approximately 200, 000 devices

per square inch. A typical large logic chip is 0. 130 x 0. 130 inches

(0. 017 sq. in.) with densities of 500, 000 devices per square inch, while

smaller logic chips have achieved 1,000, 063 or more (with charge coupled

methods) devices per square inch. The baseline design requires chips that

are far larger in area but much lower in density, thus, it is reasonable to

anticipate that display chips of the required size and density can be fabricated

with adequate yield.
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Experimental Display. Hughes Aircraft Company, on a

company-sponsored IR&D program, is currently fabricating semiconductor

wafers for an experimental 100 x 100 matrix array display. The experience

gained in fabricating these wafers is directly applicable toward estimating

the feasibility of the baseline design, because the basic circuits are identical.

Each of these wafers contain 10, 000 individual FETs, capacitors, and

electrodes, that have been fabricated using MOS J.SI techniques. At the

present time, only a few hundred wafers have been processed; however, an

acceptance level of eight percent defects and a yield of approximately three

percent have been achieved. This is a very low defect level considering the

early stage of the process development. Therefore, it is feasible to antici-

pate c t levels of a fraction of one percent when mass production of these

wafer- mmences.

3.3 Illumination and Viewing

The electro-optic behavior of a liquid crystal materia] in a

reflective display causes light that is incident to the display to be modulated

proportional to the strength of an external electric field. Specular reflection

occurs in the absence of the electric field and when the electric field is pre-

sent diffuse reflection occurs up to a maximum value of 20 percent of the

incident light. Shades of gray are directly proportional to the amplitude of

the input signal used to create the electric field. Thus, the observer sees

the brightness of the display increase as it is driven to scatter more and

more of the incident light into diffuse reflection. The foregoing is most

useful, when the incident light and the display viewing angle to the observer

are carefully arranged to cause the scattering to be pronounced.

For lack of a specific installation requirement at this time, the

feasibility analysis is confined to a discussion of generalized illumination and

viewing conditions. Final optimization of the scattering effect is highly

dependent upon the geometry of specific installations but certain guideline

criteria prevail which may be applied to any specific situation. Since the

display is reflective and is operated by the modulation of incident light, a

sunlight ambient has been assumed for daytime operation and artificial lighting

has been assumed for nighttime or adverse weather operations.
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The following discussion describes possible configurations of the

display for use under natural and artificial lighting. In this context, several

possible general configurations of lighting and light traps are introduced and

the discussion concludes .with a set of guidelines to be observed in the design

of particular illumination systems.

3.3. 1 Lighting Under Natural Sunlight

Liquid crystal displays have exhibited very high brightness and

contrast under conditions in which an intense light is incident on the display

surface and a light trap is used to absorb the specular reflections from that
source to make the non-excited areas appear dark. Because the position of
the sun relative to an aircraft is completely variable, as are any intervening

clouds or atmospheric effects, the design becomes one of configuring the

display to make maximum use of the sunlight for any aircraft altitude or

atmospheric condition.

The first consideration in designing for a specific installation is in

the choice of the display surface orientation. Ideal lighting and viewing

conditions are illustrated in Figure 19. Here, the display is tilted upward

away from the normal, by an angle 4 that is chosen to provide maximum

reception of the light from activated portions of the display.

ONL__ TED

Figure 19. Ideal lighting and viewing.
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Orientation alone is not sufficient to provide optimum viewing, as

Figure 20 indicates. Here, sunlight incident on the pilot's clothing is

scattered diffusely and a significant fraction is scattered forward into the

surface of the display where it is redirected to the pilot's eye. The effect

is most pronounced when flying toward the sun.

ON SUNLIGHT iNCIDENT
ON DIFFUSE &ACKGROUND

DIFFUSED REFLECTIONS
FROM &ACKGROUND

Figure 20. Effect of lighted object in reflected
field of view.

This condition is common to other classes of cockpit displays as well,

CRTs, alphanumeric readouts, and flight instrument faces, for example.

An effective technique for combating this kind of unwanted image for the CRT

or other glass covered displays has been to provide an antireflecticn coating

or roughening treatment to the first surface of the display, thus diffusing the

unwanted image to ;, greater extent than the primary one. The primary image

is in proximity co the treated surface and hence is largely unaffected. This

solution is a good one for a light emitting mechanism like a CRT phosphor,

but for the LX display which is reflective, the first surface treatment would

interfere with the incident light which the display must operate on.

Increasing the display angle ý will help, but as soon as the process

is carried far enough to eliminate the unwanted reflection of the pilot an

unwanted image of the canopy and sky background will come into view.
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A good solution to combat the foregoing, is the light trap. Originally

designed for use with the CIRT, it is equally applicable here and a practical

implementation appears in Figure 21. It is arranged so that the first sur-

face r•flection seen by the observer, is always the image of the light trap.

The light trap is shown as a thin opaque member with the thin edge on or

near the pilot's visual axis to present a minimum aspect of interference with

his normal forward vision. An alternate mechanism for providing the

required light trap function is shown in Figure 22 where an even greater

field of view is provided. This mechanism involves the concept of micro-

louvers, which are very closely spaced light baffles in a plastic sheet

(manufactured by 3M). They allow light transmission through a controlled

angular fietd. A typical microlouver sheet, which may be 0.020 inch thick,

has very thin absorbing or reflecting layers spaced approximately 0.010 inch

apart. The angular field through the sheet is therefore restricted to 50

degrees. A sheet of this material with the louvers fabricated at an angle to

the surface can be placed in the area requiring a light trap. The louvers are

placed at an angle allowing full forward visibility but blocking the direct

downward sunlight onto the display, thus preventing it from reflecting into

LIGHT TRAP • EJECTION
LINE

I .....•'•

z d
!
S' ,

y
LIQUID -------
CRYSTAL

DISPLAY I-],

i I

Figure 21. Conceptual idea - cockpit installation
using a nonlouvered light trap.
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Figure 22. Conceptual idea - cockpit installation
using overhead louvered light trap.

the observer's eye. This orientation allows viewing of the display under

daylight conditions with the sun in a wide range of relative positions to the

side, overhead, aft, and slightly forward.

Utilization of solar illumination may also be enhanced by tilting the

display downward and modifying the light trap and light entrances.

Figure 23 shows a possible orientation of the display surface with a light

trap design using a microlouver filter similar to that used in the tilt-up

design. In this instance, the louvers are angled upward by approximately

the depression angle of the line-of-sight. Incident light or reflected scattered

rays may pass through the louvered sheet if they fall within the designed

acceptance cone of the sheet. However, the spectraL reflection off the dis-

play surface strikes the absorbing (black) microlouver area and is not seen.

A circular polarizer may be used in this application to absorb the unwanted

specular reflections. In addition, a microlouver sheet with reflective louvers

is included above the display surface to reflect sunlight when facing the sun.

Some degree of diffusion may be desirable to provide more uniform illumina-

tion on the display surface or it may be determined that a simple diffuser is

adequate. Specific design constraints established by particular cockpit

installations are required before more definitive details are included.
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Figure 23. Conceptual idea - cockpit installation
using front louvered light trap.

In installation, the display may use sunlight for display illumination

only during most daytime operations with artificial lighting required for

general, full-time utilization.

3.3. 2 Artificial Lighting of the Display

It has been established that under unfavorable natural lighting

conditions, artificial lighting is requii ýd. The worst condition - that of a

completely shadowed display surface observed under high sky brightness with

accommodated eyes - is experienced when flying into the sul. in a clear sky.

The required lighting to reinstate good display visibility under ,his condition

is estimated at 200 watts. The most likely configurations for this kind of

lighting system include (1) an over-the-shoulder projection system, (2) a

side console projector and mirror, and (3) an edge-lighted system.

The over-the-shoulder projection provides an optimum method for the

liquid crystal light scattering mechanism. High optical efficiency is achieved

because light enters the display surface at an angle close to the normal; thus,

the peak scattered light intensity pattern is directed back in a direction close

to the observer's line of sight. A disadvantage to this configuration is the

possible added installation complexity and possible manual interference with

the projected light beam; however, it is quite similar to cockpit instrument
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flood lighting wh'ch has evolved to cop% with this kind of illumination

requiremeut very efficiently by providing dual over-the-should -. sources.

A third method (lighted-edge) represents a possible approach to avoid

the complexities of the projection system. It is a somewhat more elegant

method, albeit unproved. The ecge lighted system, Figure 24, injects a

collimated slit of light into the edge of the cover glass at greater than the

critical angle to provide total internal reflection at each front surface

reflection. Specular reflections from the front surface of the cover glass and

from the rear mirrored surface of the liquid crystal celi propagate across

the display to illuminate the entire surface n-Lrly uniformly. Light scattered

in the region of an activated liquid crystal display element strikes the front

surface at less than the critical angle and, upon exit, is viewable. The anti-

cipated problem with this form of lighting is the shadowing caused by several

elements scattering light in one area that effectively block the illumination of

elements farther along the panel. However, because the panel would be

illuminated from both sides and because the light is not collimated along the

direction of the slit, this may not be a serious problem. Also, practical

in.plementation of the technique will require multispectral, multi-layer

coatings to match the cover glass to the index of the liquid crystal material.

I LAMP

S~f lii I"~
II

TOTALLY REFLECTED EXIT
LIGHT RAYS LIGHT COVER GL .SS

LI'OOID CRYSTAL
CIRCUITRY & SUBSTRATE

S! q' MIRROR
SPARABOLIC REFLECTOR

CRYSTAL
SCATTERING
CENTER

Figure 24. Edge lighting configuration of
liquid crystal display.
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The lamp itself could be a filament or a long arc lamp with a parabolic

cross-section reflector extending the length of the display edge. Such 2 lamp

should be fairly efficient and should occupy only a small volume of panel

.,pace. Further effort is required in the determination of scattering proper-

tics and viewing angle of this configurationr: also, an optimum injection angle

will need to be determined. A design tradeoff to be considered is the

scattering efficiency for the Jesired viewing angle (presumably maximized

with light striking the front surface at the critical angle) as opposed to mini-

mized shadowing (presumably by injection at shallower angles).

3. 3. 3 Summary Guidelines

Although a specific design is not suggested at this time, these guide-

lines have been established to he used in designing display subsystems for

specific aircraft installations.

* Display is to be position.-d so that observer always sees a
specularly reflecfted image of a dark light trap.

Optimum illuminating angle is normal to the surfac." of the
display.

0 Optimum viewing angle is as close as possible to the angle of
reflection of the specular incident illumination.

* Illumination for optimum viewing is a collimated light source.

Artificial illumination is required for night viewing -nd may be

required under certain daytime viewing conditions such as viewing against

the s. n or under adverse weather.

3.4 Fabrication Costs

In the long term, when large-scale production of IN --nodules routinel>ý

occurs, the LX display approach for SAR should be less expensive than pre-

sent day CRT indicator subsystems. For the near term, however, such is

not the case. With aný new approach there are start-up costs associated

with tooling and yield factors associated with learning new process tech-

niques that will make the engineering models and those units that are con-

structed under limited-production more costly than existing SAR displays.
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3.4.1 CostProjection

A meaningful cost projection for devices fabricated in production can

be given by analyzing similar previous developments. Once the basic techno-

logy is defined and a program plan is established, parallel lines can be

drawn to analogous or corresponding projects.

Typical cost development curves are shown in Figure Z5 for a bipolar

circuit and two '40S LSI circuits. A similar trend for all curves is very

obvious. Although only three examples have been selected, they are r--pre-

sentative and many more with the same characteristics could be shown.

What Figure Z5 really shows is that, for example, where a MOS multiplexer

initially was sold for $45. OC, three years later it cost about $10. 00, repre-

senting a reduction by a factor of more than four in a relatively short time.

Sach a reduction is mainly due to the technological progress production

experience and competition.

60 - MOS LSI I.
(MULTIPLEXER)

50

PRICE PER 40 MOS LSI
DEVICE IN 

(SHIFT PEGISTER)

DOLLARS 30

2 ~BI POLAR

10 ""•Z . ,..

0
1968 69 70 71 72 73 74 75 76

YEAR

Figure 25. Trends of actual device cost.

Two of the major factors that determine the manufacturing cost of

the display are the wafer processing costs and the wafer yield. The yield

reflects how many of the processed devices are acceptable; the more there

are, the lower the price. Figure 2n shows two processes that are related

the closest to the process used for the matrix array. The solid lines repre-

sent actual numbe::rs. It is assumed that the matrix array curve has a similar
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Figure 26. Wafer processing
projection.

trend. This assumption is based on the fact that the technologies involved

are almost identical and that the project does not rely on future inventions.

3. 4. 2 Electrode Array Chip Modules

The present wafer processing cost for an electrode array chip (with

one chip per wafer) is approximately $80. 00. In three years, the cost will

be down to about $20. 00. During the same period, the wafer yield will

increase, as shown in Figure Z7, where the present yields of a vidicon

30
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z" 15 -- "
~ 5 CIRCUIT

c 0
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Figure 27. Wafer yield projection
of device fabrication costs.
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diode array and a complex C-MOS circuit are indicated by the solid lines.

These circuits have a close resemblance in complexity to the matrix array.

The vidicon target, for example, consists of a whole wafer containing morB

than 9 x 106 diodes in which a maximum of 5 leaky diodes can be tolerated.

Again, we assume that the yield curve of the matrix array will

follow the other two curves. Starting with a very low yield, 1976 should

show conservativly a 10 percent increase. In other words, at that time

10 wafers will have to be processed in order to get one good array, getting

the cost per good wafer down to approximately $200. 00.

3. 4. 3 Drive Circuit Chip Modules

The cost of the necessary drive circuits are listed in Table 2 as

part of the total display cost. There are two different types of circuits.

One type is for the video addressing which consists of a multiplexer, an

analog memory and an output amplifier. The other circuit supplies the

enable pulses to the gate lines and is basically a shift register with output

drivers. Both circui+- are larger in area than current state-of-the-art

MOS LSI circuits but lower in total device count. The initial costs are

therefore higher but the cost development will folhow closely the one of the

presently manufactured circuits.

Assuming a conservative yield figure, the ý_'o circui-, will cost in

1976, $60. 00 and $45. 00, respectively. Mountiiig and connecting is not

included in these numbers. For the 500 line array, there are a total of

16 video circuits and a total of 16 gate -. circuits necessary (assuming

64 bits per circuit).

3.4.4 Assembly Costs

Assembly costs include providing a mounting surface for physical

rigidity, electrical interconnection, filling and sealing the display. These

costs are estimated at approximately $500 for a small display in production;

they increase in proportion to the size of the display because the economies

* of scale are offset by the additional care required in assembling a larger

display.
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TABLE 2. PRODUCTION COST COMPARISON

Liquid Crystal Display CRT Display

500 Electrode Array Chip CRT
Lines Modules (9)

Video Drive Chip Video
Modules (16)

Sweep Drive Chip Deflection
Modules (16)

Display Assembly High Voltage

Support Equipment

$ 3,000 to $ 7,000 $ 3,000 to $ 7,000

1000 Electrode Array Chip CRT
Lines Modulr's (36)

Video Drive Chip Video
Modules (32)

Sweep Drive Chip Magnetic
Modules (32) Deflection

Display Assembly Dynamic Focus

Support Equipment High Voltage

$10,000 to $20, 000 $ 5,000 to $10, 000

1500 Electrode Array Chip Multibeam CRT
Lines Modules (100)

Video Drive Chip Multiple Video Amps
Modules (48) Magnetic Deflection
Sweep Drive Chip Dynamic Focus
Modules (48)

Display Assembly Dynamic Astigmatism

Support Equipment Regulated High Voltage
Regulated Low Voltage

$20, 000 to $30, 000 $15, 000 to $20, 000

NOTES: A larger electrode array is assumed than is proposed for the

experimental baseline design

3. 4. 5 Support Equipment

Support equipment includes power supplies, packaging, interface

connectors, etc. The cost of the support equipment is not strongly dependent

upon display size.
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4. 0 CONCLUSION:1
It has been established through analysis and through direct

observation of experimental displays that a reflective liquid crystal display

can be expected to achieve more of the performance objectives required by

a SAR display than currently available CRTs. Furthermore, even though

a new concept is involved, it has been established that it is feasible to

implement the intended SAR application using a reflective liquid crystal

display. Given the above, the questions still to be attacked are: (1) Iow

will a liquid crystal display fit into the overall SAR system? and (2) what

are the major developmental steps?

4. 1 Recommendations

A SAR system that is configured to utilize the maximum capabilities

of a re!_ý'ctive liquid crystal pictorial display will present high resolition

synthetic array radar on board an aircraft in real time with improved

performance and decreased complexity over systems that utilize CRTs. A

liquid crystal pictorial display designed for application to a High Resolution

Synthetic Array Radar Digital Processor (HIRSADAP) is shown in Figure 28.

4. 1. 1 HIRSADAP Radar

The HIRSADAP radar subsystem is a high resolution synthetic array

radar incorporating digital processing. The data for the HIRSADAP system

is accumulated using a radar antenna that is squinted at a fixed angle to the

flight path. The radar video is stored and correlated in a special processor

to improve the angular resolution over that which can be obtained from a
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16 VIDEOCHANNELS 2 MHz ANALOG
32 MHz TOTAL BANDWIDTH PER

HIRSADAP SUBSYSTEM DATA RATE VIDEO CHANNEL

DAT TPICAL CHANNEL LIQUID CRYSTAL

I DATA •REFLECTIVE

S SYNTHETIC V TE DISPLAY

ISAR) CONETR 12MzSNCHRONIZED CLOC

I CONTROL HORIZONTAL SYNC J-2 kHz) •1 1074 x 1024

VERTICAL SYNC :1PICTURE ELEMENTS
I I FIELD 60 Hz, FRAME 30 Hz

L - II L

POWER

Figure 28. Block diagram of radar system.

conventional radar sensor. The data is accumulated and processed in a

manner designed for display as a strip map ground segment in one of several

modes. One mode presents the data as a ground map that is continuously

moving down the display screen at a speed that is a function of the aircraft

ground speed and the selected map scale. A snap shot or freeze mode

presents the data as a ground map that is fixed relative to some specific

ground coordinates and a "telescope"' mode provides a zoom capability.

The single most significant item in the cost of a HIRSADAP subsystem

is the data memory. The slow rate at which ttie data is accumulated along

the ground track makes it necessary to provide storage for at least one

entire frame of radar imagery. The exact size of the memory is dependent

upon the resolution requirenents but typically several million bits are

required. The sixteen video channel interface recommended for the LX

display subsystem, as shown in Figure 28, can significantly reduce the

cost of this memory, for the following reasons.

The cost of a memory system, in terms of price and power consump-

tion, is dependent upon size and speed. The use of multiple video channels

reduces the speed at which the memories of the HIRSADAP system must be

accessed. When several video channels are used, several sections of the
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memory are read out simultaneously, thus leading to the same overall

display update rate but a reduced data rate for each channel. Cost savings

are possible because at the data rates involved, typically 131 million bits

per second, the cost goes down more rapidly due to speed reductions than

it increases due to circuit duplication. Moreover, further cost reductions

may be possible because the use of 16 video channels, (as opposed to the

limited number used with multibeam CRT displays), orings the data rate

down to a level that can feasibly be implemented using LSI semiconductor

4 circuits. The implication is that further system integration using increased

numbers of LSI semiconductor circuits leads to lower costs through higher

reliability, lower power, and smaller size.

4. 1. 2 Display

The recommended system shown in Figure 28 calls for a ten inch

by ten inch display containing 1024 x 1024 pixels. The display would be

constructed by assembling an array of semiconductor chips as shown in

Figure 29. It is recommended that for the early experimental displays

that each of the chips in the assembly contain 128 x 128 pixels; this number

can be anticipated to increase to 256 x 256 pixels for a production display.

I VI)EO Mu LTI MLEX I

1024 j:1024
ELEMENT DISPLA M

ELEMENT MODUL, S

-T--V-1)EOiMULTI1HLEX'R I

Figure 29. Assembly
of LX display from

semi- conductor
modules.
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The liquid crystal pictorial display is different from a CRT in several

ways that have significant system implications, among them (1) the LX

display functions as a light valve rather than as a light source and hence it

must be externally illuminated, and (2) the image on the liquid crystal display

is formed using an array of discrete elements.

The light valve action of the liquid crystal display is the main factor

in reducing display power consumption. It is no longer necessary to have

a display that can produce sufficient light power to compete directly with

the sun under conditions of direct illumination; the liquid crystal display

controls rather than competes w~th the illumination of the sun. Artificial

illumination is only required when there is inadequate natural lighting as

during adverse weather conditions and at night. The amount of lighting

power required under these conditions is markedly less than that needed to

compete directly with the sun.

The discrete elemental nature of the liquid crystal pictorial display

permits a one-to-one correspondence to be established between the data

presented by each picture element on the display and the data stored in the

data bins of the radar signal processor. When this degree of synchronism

is present, the resolution of the system as a whole is determined by the

resolution of the sensor; the display does not significantly degrade system

resolution.

The discrete elemental nature of the liquid crystal pictorial display

furthermore results in a display that has uniform resolution over the entire

display surface. The resolution in the corners is every bit as good as in the

center. This effectively increases the useful area of the display over that

of a CRT display of equal size, because the resolution of the latter

deteriorates rapidly towards the edges.

Finally, the discrete elemental nature of the liquid crystal pictorial

display results in excellent positional stability. The location of a picture

element on the display is determined only by physical dimensions; it is

unaffected by magnetic fields, component value drift, or power supply

voltages.
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4. 2 Program Plans for Future Development

Schedules and plans for the orderly development of the liquid crystal

pictorial display have been formulated. The intended application is as a

display for a high-resolution airborne synthetic array radar system. These

schedules and plans have been conceived to attack each of the major risk

items in logical steps. It is suggested that the display development be

continued in the phases shown on the program plan in Figure 30.

TASK/PHASE 1/2 YEAR YEAR 1 YEAR 2 YEAR 4

CONCEPT DEMONSTRATION

Demonstrate Single Wafer Display

DETAILED DESIGN AND EVALUATION

Demonstrate 3 x 3 Wafer Display

COMPONENT FABRICATION

Demonstrate 10 x 10 Inch r;splay

DISPLAY REFINEMENT

Flight Test Demonstration A.

Figure 30. Program plan for liquid crystal pictorial
display developments.

4. 2. 1 Concept Demonstration

The purpose of demonstrating the liquid crystal display concept is to

show that it can achieve the required functional performance objectives. A

concept demonstration involves building up a single wafer liquid crystal

display with external discrete medium-scale-integrated (MSI) drive circuits.

The concept demonstrator provides an example of the method by which the

large image is formed and the performance that will be achieved.

The concept demonstration will also eliminate as a major risk area

the uncertainty as to whether the liquid crystal pictorial display can meet

the operational requirements of brightness, contrast, and shades of gray

rendition.
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4. 2. 2 Detailed Design and Evaluation

The detailed design and evaluation phase would be concerned with the

detail design, preliminary fabrication and evaluation of the components from

which the large display will be assembled. The drive circuits, previously

constructed using MSI components, will have to be modified for LSI packaging.

The layout of the electrode array previously demonstrated on a single chip

will have to be modified for the interconnections between chips. The

techniques for interconnecting chips will have to be refined to be compatible

with the constraints of the liquid crystal display. Integrated spacers to

insure uniform spacing between the electrode array chips and the cover

electrode will need to be designed and evaluated. The detail design and

evaluation phase should conclude with the demonstration of a three by three

chip display. This demonstration will eliminate as major risk areas those

problems associated with feeding signals to a display module that is

completely surrounded by other modules.

4. 2. 3 Component Fabrication and Assembly

Component fabrication and assembly will be concerned with the

fabrication of the required number of semiconductor chips, the acquisition

of a suitable liqL:d crystal material, and the assembly of all components

into a display. It can be art.icipated that over 1000 wafers will have to be

processed to obtain 96 operating chips of the three basic types that are called

for by the baseline design for the 1024 x 1024 display. The acquisition of

a suitable liquid crystal material will require evaluation of materials devel-

oped for other applications, analysis of the findings on parallel liquid crystal

material development programs and formulation of the required quantities.

Assembly of the display will be concerned with the mechanical assembly of

the chips into the larger array in a manner that assures flatness and

mechanical rigidity, and filling and sealing in a manner that prevents voids

and contamination. The end of the component fabrication and assembly phase

should be marked by the demonstration of an operational experimental

1024 x 1024 pixel, ten by ten inch, liquid crystal pictorial display.
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This demonxstration will eliminate as a majJor risk area the uncertainty

connected with the ability to produce the semiconductor circuits with an

adequate yield, and the uncertainty connected with the search for a suitable

liquid crystal material,

4.2. 4 Display Refinement

Display refinement is required to take the experimental liquid

crystal pictorial display and modify it to meet the mechanical requirements

for a flight test. An environment testing program will be required to

ascertain the effects of pressure and vibration upon the display. A flight

safety design review and inspection will be required to insure compliance

with personnel and aircraft safety. Interface hardware compatible with

on board signal sources will have to be built and tested. The program should

conclude with a flight test demonstration of an advanced development model

of a liquid crystal pictorial display. This flight test demonstration will

eliminate as a major risk the uncertainty of the display meeting the required

military environmental performance.
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APPENDIX A. TECHNICAL FACTORS PERTAINING TO
LIQUID CRYSTALS IN DISPLAY APPLICATIONS

A. l INTRODUCTION

When some organic substances are melted, instead of becoming a

clear liquid, they pass through a turbid liquid state which was termed the

mesomorphic state or a "liquid crystal. " The liquid crystalline state has

more order in the .arrangement of its molecules than the liquid state but

less than the solid state.

The three principal types of LX's are nematic, cholesteric, and

smectic. While the cholesteric LX's are optically active modules, the

nematic and smectic LX's are generally optically inactive, (i. e., they do

not rotate polarized light).

Nematic LX's consist of molecules that are parallel, resembling

matches in a box. Each molecule can rotate only around its long axis and

has some freedom of movement from side to side or up and down

(Figure 31a). The smetic LX's have a layered arrangement. The layers

can slide over one another, because the molecules in each layer can move

from side to side or forward and backward but not up and down. Within

each layer, molecules may be ordered in ranks (Figure 31b) or randomly

distributed. The cholesteric LX's consist of layers, as smectic LX's do.

Within each layer, however, the molecules are parallel, as are the nematic

molecules. Molecules in one layer exert an influence on the layers above

and below, so that the long axes of the molecules in these layers is displaced

slightly and a helical pattern forms from layer to layer (Figure 31c).

A very important intrinsic property of LX molecules is the dielectric

anisotropy, E a' which is equal to the dielectric constant (E1 1 ) in a direction

parallei to the long molecular axis minus •he dielectric consta•nt (Ei) at

right o.ngles to the molecular axis.
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a. Nematic b. Smectic

c. Cholesteric

Figure 31. Diagrams of packing effects in liquid crystals.

E = E - Ea 11 1

When E a is positive, the molecular axis will align roughly in the direction of

an electric or magnetic field, whereas when Ea is negative, the molecules

will orient themselves at some angle roughly perpendicular to the field.

The dielectic anisotropy is a function of the vector sum of the dipolar groups

in the molecule. To prepare a LX with a strongly positive E a' for example,

it is conventional to introduce the strongly dipolar nitrile group at the end of

the long axis of the molecule, as in

CH (CH9) -0 C (/N

0
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Ind•.vidual properties of eaci of the types of LXs have been taken advantage

of •n mak•ng displays:

NEMATICS: Dynamic scattering

Field effects

(1) Twisted Nematic

(2) Birefringent color switch

(3) Nematic dichroic dye interaction

CHOLESTERICS: Reflective color lisplays

(1) Temperature sensitive

(2) Pressure sensitive

(3) Chemical vapor sensitive

(4) Electric field sensitive

SMECTICS: Thermo-optic s corage display

HYBRIDS: The rmo-optic

Cholesteric -nematic phase change

A.Z NEMATICS

A. 2. 1 Dynami. Scattering Mode (DSM)

Briefly, DSM may be characterized by electrical current - field

induced hydrodynamic motion. Nematic LX's are optically ar.'sotropic

(i.e., they bave differenL refractive indices parallel to and perpendicular

to the long axes of the molecules.) The effect of applying a voltage to and

passizg a current through a typical LX cell is to disrupt the normally uni-

form molecul.r orientation in favor of a large number of small regions

(domains) whose molecular orientation is different from those of their

neighboring d)mains. This appears to the light passing through the cell as

closely space I refractive index boundaries. These index boundaries cause

tl.e light to be refracted at various angles (i. e., scattered). Thus, we have

a system thaL, when no voltage is applied, appears optically homogeneous

and transparent, and when voltage is applied, appears highly diffusing or

scattering.
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DSM can be activated by either AC or DC signals. Typically, AC

frequencies less than 1 KHz are used.

A.2.2 Field Effects

Twisted Nematics

Another way to take advantage of the sympathetic alignment and the

optical anisotropy of nematics is the twisted nematic configuration. The

design of the twisted nematic cell is the same as for the DSM, except that

the cell walls are treated to induce the LX's to align with their long axes

parallel to the plane of the cell wall. Thus, on each of the cell walls the

LX molecules have their long axes parallel to each other as well as parallel

to the plane of the cell wall. The cell is assembled in such a way that there
0is an angle of 90 between the direction of the long axes of the LX's on one

wall and the corresponding direction on tbh other wall. Calculations have

shown that the orientation of the long axes of the molecules varies smoothly

across the cell thickness from one orientation to the other. Hence, the name

twisted nematic.

If light incident on the cell is plane polarized either along the direc-

tion parallel to the long molecular axis or perpendicular to it, the plane of

polarization of the light is rotated 900 upon emerging from the other side of

the LX cell. If this emergent light is viewed through an analy'•er oriented

parallel to the polarizer, no light is observed to pass thiough :he analyzer.

However, if a field of sufficient strength (typically a few volts) is applied

to the cell, the molecules in the bulk change their alignment from parallel

to perpendicular to the cell walls. As a result, no rotation of the plane of

polarization of the light occurs when the field is applied. Since the analyzer

i.; aligned parallel to the polarizer, light is now passed by the analyzer.

Thus, by using a linear polarizer anid analyzer in conjunction wirh a twisted

nematic configuration, the intensity of the transmitted (polarized) light can

be modulated with an electric field.
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Birefringent Color-Switch

A birefringent color-switch (BCS) cell is very similar to the twisted

nematic cell except that it is usually made without the 900 angle between the

orientation of the long axes of the molecules. That is, the long axes of the

LX molecules are aligned parallel to the cell walls and uniformally pointed
in one direction throughout the cell. However, the polarizer is set so that

the incident light is not polarized in the planes either parallel or perpen-

dicular to the long axes of the molecules. The wavelength of the light passed

by the analyzer is determined by the angle with respect to the polarizer and

the degree of birefringence. The degree of birefringencc, and therefore

the color of the transmitted light, can be controlled with an electric field

applied across the cell. (The projection of the index ellipsoid is dependent

on the orientation of the long axes of the LX molecules.)

A twisted nematic cell can also be used as a BCS by simply reorient-
ing the polarizer so that the plane of polarization of the incident light is

neither parallel nor perpendicular to the long axis of the LX. In this con-

figuration the expected birefringent effect is observed. That is, the plane

of polarization of the incident light is rotated by an amount dependent on the
wavelength of the light and the degree of birefringence of the LX material.

Guest-Host Dye Alignment

In this type of display, a pleochroic dye (a material that has different

optical spectra along different molecular directions is pleochroic) is dis-

solved in a nen atic LX. An electric field is used to control the orientation

of the LX and the orientation of the dye which follows it, Hence, the name

guest-host alignment.

Initially the LX and the dye are aligned parallel to the electrodes.
Plane polarized light is passed through the cell with the plane of the light
oriented parallel to the long axes of the dye molecules. Viewed in this
manner the dye has a high absorbance. Upon application of a field the LX
and its dye guest are reoriented perpendicular to the electrodes. This is
accompli "ed by a dramatic increase in the amount of light transmitted.
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A. 2.3 Thermo-Optic Display

A thermo-optic display with nematic LX's has also been reported.

The effect depends on thermal hysteresis, The rate of cooling from the

isotropic state to the solid state determines the degree of light scattering.

However, the device stores the recorded information and is not directly

relevant to the requirement for dynamic detector.

A. 3 CHOLESTERICS

A. 3. 1 Reflective Color Displays

The iridescent colors reflected from Cholesteric LX are quite

striking. These colors are due to Bragg type reflections from the layers

of the LX helix. The periodicity of these layers, or the pitch, determinres

the wavelength of the reflected light at a given viewing angle. Fundamentally,

all of the cholesteric color displays operate on the same principle - cha.ige

the pitch and you change the color,

Displays have been made whereby the pitch of the cholesteric LX is

altered by temperature, pressure, and electric field. In addition, the

pitch of the cholesteric is also sensitive to certain chemical vapors. These

vapors essentially dissolve in the cbolesteric and dilute it, thus changing the

pitch length.

A. 3. 2 Thermo -Optic Storage Display

A non-colored application of Cholesteric LX's to displays can be

obtained by constraining (by surface preparation) the axis of the helical

structure to be perpendicular to the cell walls thus obtaining an optically

clear cell. Upon heating to the isotropic phase (with an IR laser) and sub-

sequent relrxation back to the LX phase, a light scatt'ring state is obtained

in the irradiated regions. The degree of scatteriri, is dependent upor the

rate of cooling back to the meso phase. That is, the amount of disorder

"frozen in" is dependent on the rate of "freezing. " The molecules relax

very slowly from the disordered state (random focal conic texture) to the

transparent state (Grandjean texture). This relaxation time may be reduced

by the application of a high audio frequency signal (typically a few

kilo-hertz).
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A.4 SMECTICS

Until recently, smectics have enjoyed little but academic interest.

Recently, however, smectic LX have been used in a display.

The display employs the normal light scattering properties of the

smectic state. To change the appearance, the LX is heated with an IR laser,

above its isotropic transition temperature. The isotropic liquid is clear

(optically transparent) as expected.

A. 5 HYBRID TYPES

Nematic LXs have been doped with Cholesteric materials to provide

a new dimension to DSM -storage. Dissolving cholesterics in nematics

produces a device that, after the DSM producing voltage is removed, has

a solution with a very long relaxation time back to the normal transparent

state. Ihis relaxation rate is a function of both Cholesteric concentrates

and Cholesteric structure, as well as temperature.

Nematic LX molecules initially align themselves in a helical arrange-

ment typical of Cholesteric LX's. The pitch of the helix is determined

Cholesteric concentration and structure. Upon application of a voltage suit-

able for DSM (DC or low frequency AC, e.g. <IkHz) hydrodynamic tur-

bulance ensues and optical scattering is effected. After removal of the

writing signal, small independently oriented domains of helical structure

are forr-,ed. This is called a random focal conic structure. Again, the

number and size of these helical domains is dependent on the Cholesteric

concentration and structure. It should be noted here that due to their inde-

pendent orientation these domains form a light scattering state.

This state is governed by the rate of coalescing of these domains to

eventually form a single domain. Application of a high frequency signal

(frequency greater than a few kilohertz) decreases the time for this coalescing

to take place.

The time scale for relaxation from DSM back to transparent state,

without a high frequency erasing signal, can be from fractions of a second to

"months. However, the application of an erasing signal can convert these

"time scales to a matter of a few tens of milliseconds to a few seconds.
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APPENDIX B. ELEMENTAL ADDRESSING CIRCUITS
COMPUTER SIMULATION AND ANALYSIS

OF FEASIBILITY

B. I BACKGROUND

A matrix array for a flat-panel liquid crystal display incorporates

a circuit diagram similar to that shown in Figure 32, where multiple video

signals are presented on each of the columns. The image is formed by

sequentially loading the video information into rows 1, 3, 5, 7, ... then

rows 2, 4, 6, 8, ... , a row at a time with the whole process being repeated

at 30 Hertz.

------------------------------------------------------------------ ----------. <

_7 DV -sL E0EC TsS'TO -
IL -

R N S, TYPICAL ELEMENTAL
D FSIELD EFFECT TRANSISTOR

~ TYP'ICAL kLEMENTAL
LL4ý LIQUID CRYSTAL CELL

TYPICAL ELEMENTAL
VIDEO STORAGE CAPACITOR

ROW ENABLE SI13NAL %

VERTICAL
SWEEP
MULTIPLEXER °

ODD/EVEN ROW SELECTION
REQUIRED TO ACHIEVE 2:1 I

FIELD/FRAME INTERLACE -I

DASHED LINE ENCLOSES L------------- ------------------------------- -------------
ADDRESSING CIRCUITRY MULTIPLE VIDEO CHANNELS

VIDEO SIGNAL '[SERIAL PARALLEL VIDEO CONVEROER

Figure 32. Schematic diagram of line-at-a-time addressing circuit.
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Associated with each element is a field-effect transistor to serve

as a switch, and a capacitor to serve as intermediate storage of the video

signal level; together, they provide a sample-and-hold circuit at the

intersection of each row and column. The FET switch is used to sample the

level of the video signal during the time interval in which the line is enabled,

and the capacitor holds the value till the liquid crystal material reacts to

the change in applied Fote-tial. The ON resistance of the transistor switch

determines the speed with which the potential on the capacitor can be changed.

The OFF resistance determines the length of time for which this potential

can be maintained. The CFF/ON resistance ratio determines the crosstalk

between the elements - and therefore the maximum contrast - that can be

achieved in a display.

B. 1. 1 Approach

The problem was attacked by approximating the electrical circuit of

the elemental liquid crystal cell with an equivalent circuit and by approxi-

mating the electro-optical response of the liquid crystal as a linear flow

problem.

rhe basic technique for solving problems of this type on a digital

computer is by using the state-space approach. The applicable differential

equations are expressed in finite-difference form, and then the computer

performs a summation. For example, in the method used to compute the

potential on the capacitor shown in Figure 33 as a function of time after the

switch is closed, the differential equation that describes the circuit is

S E v f c

Figure 33. Schematic diagram
of capacitor charging circuit.
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SC; dV E-V
dt dt R

or

dV 1

This equation expressed in finite-difference form is then

AV = [(E-V)/RC] At

and the voltage across the capacitor therefore becomes

V =[-] dt = AV = [(E-V)/RC]At
T T

B. 2 SIMULATION

This simulation required that assumptions be made with respect to

the data input mechanization, the number of resolutionelements, the FET

source-to-drain resistance, and the electro-opiacal transfer characteristics

of the liquid crystal material. The simulation looked at the contrast between

two adjacent elements, one of which is addressed when the video signal is

maximum, or white, and the other when the video signal is minimum, or
black (see Figure 34). For each set of initial conditions, the relative

voltages across the elemental liquid crystal cells were computed as a

function of time. ' aese, in turn, were used to compute the relative numbers

of scattering centers formed by the liquid crystal material, which permitted

determination of the contrast. The equivalent circuit used in the computation

is shown in Figure 35.
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TYPICAL ENABLE SIGNAL INPUTS

- ---

(1.
z-

LUJ BLACK ELEMENT ON GRAY ROWz

_I ~\I•WHITE ELEMENT ON GRAY ROW
zT

<

--I--i-. . I-
16 X 16 ELEMENT

DISPLAY SHOWN
AS EXAMPLE

DIRECTION OF SWEEP,
ENABLE INPUTS COMMUTATED
THROUGH ONE CYCLE.

EACH FRAME

Figure 34. Formulation of contrast equation.

72



RFET

0-

E~t) C C RtW
CLS1 CLX RLX VI

a) BASIC COMPONENTS

R.. - FET (RLX)

(RFET + RLX)

[E(t ] (Cts1 + CX)
-' LX + RFET L1 L

b) LUMPED EQUIVALENT CIRCUIT

Figure 35. Equivalent circuits
of elemental cell,

The resistance of the FET is time dependent, and RFET is taken as

RON duxing the ON portion of the cycle, and as R OFF during the OFF

portion of the cycle. Likewise, the applied voltage, E(t), changes between

the ON and OFF portions of the cycle.

The video signal for the white element was assumed to be equal to

1. 0 when the FET was ON and 0. 5 when the FET was OFF. A video signal of

0. 5 volts approximates the average video signal for an image with a random

intensity distribution. The black case was not computed because it is merely

the complp -ient of the white case. In the first instance, the elemental

capacitor , charged from a potential source equal to 1. 0 volt through a

resistance oi RON for period of tON and is discharged toward 0. 5 volts

through a resistance of ROFF for the period of (P - tON), where P is the

frame period. The parameter t was assumed to be equal to 1/1000th L.f P,

which is consistent with the goal of a 1000-line, line-at-a-time addressed

display.
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The iteration step size, At, was chosen to be short compared to the

time constant of the circuits. The values chosen were At = P x 10-6 during

the ON interval, At = P x 10 -4 during the time interval from 0.001 x P to

0.01 x P, and At = P x 10"2 during the balance of the period. This step
size was found to give results consistent to three significant figures. At each

step, the voltage on the capacitor was computed using the equation derived

in the earlier example, except that E and R were charged periodically to

reflect the changes in circuit parameter during the ON and OFF cycles.
10ROFF was assumed to be 10 ohms.

The number of scattering centers formed in the liquid crystal

material was computed by numerical integration of the differential equation

dN N
dt T

0

where:

N = density of scattering centers

S = sensitivity factor

V = applied voltage

T = decay constant

This expression describes a process in which scattering centers

form and disappear by an unspecified linear mechanism. It assumes (1) that

the rate at which the centers are formed is proportional to the product of a

sensitivity factor and the applied voltage and (2) that the rate at which they

disappear is proportional to tle density of scattering centers that are present

divided by some decay constant. It has been found that this equation

generally predicts the experimentally observed results except for scattering-

center densit.es below the threshold value and above the saturation value.

Although it was unnecessary for this simulation, the equation can be modified

to include these effects. In the simulation, the sensitivity was defined to be

unity and the decay time, To, was 1/30 second. The sensitivity can bh.

chosen arbitrarily when all scattering-center densities are expressed as a

normalized ratio.
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The solutions of these equations are plotted in Figure 36. The plot

of the potential across the elemental capacitor oscillates back and forth as

it gradually approaches the steady-state condition; also, the plot of the

density of scattering centers has a similar shape. However, its variations

are smaller and have a longer time response. The contrast between the

two hypothetical cells was computed for various combinations of variables,

OFF/ON resistance ratio, and RC time constant using the equation:

sc ig density in ON cell - scattering densit in OFF cell
(ati scattering density in OFF cell /

-.4- o o ,• - ,
N I(NOT TO SCALE)

oN
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Figure 36. Graphical presentation of equation solutions
as functions of time.

B.3 RESULTS

Data obtained from a series of computational runs are plotted in

Figure 37. The contrast predicted for the postulated model is plotted as

a function of the charging time constant, normalized to the length of the

I7
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Figure 37. Contrast as a function of
OFF/ON ratio.
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Thus, in as much as OFF/ON resistance ratios of greater than 104

can routinely be achieved using silicon LSI technology, and that a capacitor

of greater than 8 pfd can be routinely f-abricated ir the available space using

the 3ame technology, it is concluded that it is feasible to anticipate that the

required electrical performance can be acgKeved from the proposed baseline

design.
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